Aims/hypothesis We examined whether or not the association of physical activity with type 2 diabetes incidence differs according to several types of genetic susceptibility. Methods In a large prospective cohort with 821 incident cases of type 2 diabetes, we examined interactions of physical activity with: (1) each of 65 type 2 diabetes-associated single nucleotide polymorphisms (SNPs); (2) a genetic risk score (GRS) comprising all 65 SNPs; (3) two GRSs comprised of SNPs implicated in insulin resistance (IR) and insulin secretion; (4) GRSs for fasting insulin (FI) and fasting glucose. Results We found a significant interaction of physical activity and the type 2 diabetes GRS ( p interaction =0.016), suggesting a weaker protective effect of physical activity in those at high genetic risk. Based on the interactions observed with the IR GRS ( p interaction =0.046) and the FI GRS ( p interaction =0.042), it appears that the overall type 2 diabetes GRS interaction most likely occurs through genetic susceptibility to IR as opposed to insulin secretion. Furthermore, this interaction was more pronounced in women ( p interaction =0.0025) than in men ( p interaction =0.46). No single SNP stood out as displaying a strong interaction with physical activity. Conclusions/interpretation We conclude that although physical activity appears to have an overall protective effect on type 2 diabetes, this putative effect is weakest among individuals with high genetic risk for type 2 diabetes and IR.
Introduction
It is well established that physical activity reduces type 2 diabetes risk [1] . However, the extent of protection afforded by physical activity may differ according to genetic factors. Several studies have examined the interaction of type 2 diabetes-associated genetic variants and physical activity with mixed results. Interactions of variants in PPARG, SLC2A2, HNF4A and other candidate genes with physical activity have previously been identified (e.g. [2, 3] ). More recently, in a prospective cohort of Swedish adults, Brito et al [4] tested the interaction of 17 single nucleotide polymorphisms (SNPs), identified through genome-wide association studies (GWAS) with physical activity, on incident type 2 diabetes, and found a significant interaction for a SNP in HNF1B.
Among the 65 SNPs identified through GWAS (e.g. [5] ), some exert their effect on type 2 diabetes through a reduction in insulin sensitivity, while most appear to exert their effect through impaired beta cell function [5, 6] . The most comprehensive and detailed examination of the phenotypic effects of type 2 diabetes-associated loci has recently delineated nine loci associated with beta cell function, and four loci with insulin resistance (IR) or insulin insensitivity [7] .
In the present prospective cohort study, we examine the interaction of 65 type 2 diabetes-associated SNPs, collectively and individually, with baseline physical activity on incident type 2 diabetes. Then, to gain further insight into the genetic and physiological basis of the interactions, we consider a genetic risk score (GRS) based on SNPs implicated in beta cell function, a GRS based on SNPs implicated in insulin sensitivity, as well as GRSs for fasting insulin (FI) and fasting glucose (FG), hypothesising that the primary underlying mechanism through which physical activity is protective is through insulin sensitivity [8] , for which FI is a proxy.
Methods
Sample We used data on 8,101 self-identified white participants in the Atherosclerosis Risk in Communities study (ARIC). The ARIC dataset was obtained from the Database of Genotypes and Phenotypes (dbGaP). Briefly, the ARIC study is a multicentre prospective study of atherosclerosis in men and women between 45 and 64 years of age [9] . We only included participants without type 2 diabetes at the first visit, as defined by an FG level <6.9 mmol/l, no report of taking type 2 diabetes medication or physician diagnosis. Participants were followed over a period of up to nearly 12 years (mean follow-up: 7.8 years). Incident type 2 diabetes cases were identified at one of three follow-up visits based on FG level and medication criteria. Given the age of incident type 2 diabetes in this study (between 45 and 73 years of age) it is unlikely that there are a significant number of type 1 diabetes cases. Time to incident type 2 diabetes was extrapolated based upon glucose values at the ascertaining visit and the previous visit, as previously described [10] . Approval for this study was obtained from the University of Arizona Institutional Review Board.
Physical activity and dietary intake Each individual's level of physical activity was assessed using the Baecke Physical Activity questionnaire [11] . We focused on the sport and exercise components of physical activity. The 'sports index' in ARIC takes into account the frequency, duration and assigned intensity of habitual sports/exercise activity in the past year, as well as the self-rated amount of each activity compared with other individuals of the same age. The resulting semi-continuous index ranges from 1 (lowest level of activity) to 5 (highest level of activity) in increments of 0.25. Further details about the questionnaire can be found elsewhere [12] . Usual dietary intake of fibre and carbohydrates was estimated from a semi-quantitative food frequency questionnaire as described elsewhere [13] .
Genetic markers and risk scores We selected 65 SNPs confidently associated with type 2 diabetes and their respective risk alleles and effect sizes as listed in Morris et al [5] (ESM Table 1 ). We also selected 36 and 17 SNPs associated with FG and FI, respectively, as identified by Scott et al [14] (ESM Tables 2 and 3) . After standard quality-control procedures on genotypes (Affymetrix 6.0; Affymetrix, Santa Clara, CA, USA), we imputed genotypes with IMPUTE2 software (https://mathgen.stats.ox.ac.uk/impute/impute_v2.html#home) and all individuals in the 1000 Genomes Project as reference data [15] in order to obtain genotypes for all the SNPs mentioned above. All SNPs had 'info' (imputation quality) scores of >0.6. GRSs were calculated as the weighted sum of risk alleles, with weights corresponding to the respective SNP effect size as estimated in the respective meta-analysis mentioned above. Based on the most comprehensive and recent assessment of the putative functional effects of type 2 diabetes loci [7] , we created an unweighted GRS of IR based on the SNPs near or in the PPARG, KLF14, IRS1 and GCKR genes, and an unweighted GRS of beta cell function based on SNPs near or in the TCF7L2, SLC30A8, HHEX/IDE, CDKAL1, CDKN2A/2, THADA, DGKB, PROX1 and ADCY5 genes. We chose to leave these GRSs unweighted as the SNPs were identified based on a collection of many different measures of both insulin secretion and insulin sensitivity [7] , making it difficult to assign a single weight to the respective SNPs.
Statistical analysis Within each of the nine strata defined by the type 2 diabetes GRS and physical activity tertiles, we calculated incidence rates by dividing the number of incident cases by the corresponding person time (incidence per 10,000 person-years of follow-up). We fit Cox proportional hazards regression models, implemented in R [16] , to estimate HRs for the interactions of physical activity with SNPs and GRSs on type 2 diabetes incidence, and for the association of physical activity with type 2 diabetes incidence in different GRS and physical activity strata. We also considered type 2 diabetes incidence among those with normal fasting glucose (NFG; <5.6 mmol/l) and impaired fasting glucose (IFG; ≥5.6 mmol/l and <6.9 mmol/l) at baseline, as well as the incidence of IFG among those with NFG at baseline. Sex, age, BMI, smoking, and dietary fibre and total carbohydrate intake were included as covariates in all analyses. Interactions were modelled by including the product of physical activity and each SNP or GRS. To explore GRS-by-physical activity interactions, we stratified the sample according to low, intermediate and high GRS tertiles, and examined associations of physical activity with type 2 diabetes in each group. Stratification was also performed according to physical activity level in order to examine the association of GRSs with type 2 diabetes incidence within each tertile of physical activity. We also examined interactions separately by sex.
In order to verify that the assumptions of Cox proportional hazards regression were met, we tested the proportionality of the hazards over time by including a time-dependent covariate consisting of the interaction of the logarithm of the time to event, physical activity and the GRS. There was not sufficient evidence to reject the null hypothesis of hazard proportionality over time in the physical activity-by-GRS interactions ( p>0.05), showing that the current model is appropriate. For the GRS-by-physical activity interaction tests, we considered statistical significance at α=0.05. Although there are five such tests, they are not independent since there is overlap of SNPs and genomic regions in the GRSs. For the SNP-by-physical activity interaction tests, we considered a Bonferroni-adjusted p value threshold for statistical significance (α=7.7×10
−4
).
Results
Baseline and incidence characteristics are shown in Table 1 . Other than differences in the number of incident type 2 diabetes cases ( p<0.0001), we did not observe any significant differences in baseline characteristics across type 2 diabetes GRS tertiles. All GRSs were weakly correlated with each other except for the beta cell and type 2 diabetes GRSs (r 2 = 0.3) (ESM Table 4 ) and dietary carbohydrate intake (HR main = 1.001, 95% CI 1.000, 1.002; p=0.040) were positively associated with type 2 diabetes incidence. In the entire sample, although physical activity was not significantly associated with type 2 diabetes incidence, the HR was <1 (HR main = 0.938, 95% CI 0.857, 1.028; p=0.17), suggesting an overall protective effect of physical activity on type 2 diabetes.
None of the 65 type 2 diabetes SNPs showed a significant interaction with physical activity, after correction for multiple testing. Four SNPs showed nominally significant interactions with physical activity (rs1496653 in UBE2E2, p=0.0009; rs6795735 in ADAMTS9, p=0.014; rs10842994 in KLHDC5, p=0.016; and rs2943640 in IRS1, p=0.038 [ESM Table 1] ). The IRS1 SNP is designated as an IR SNP [7] . Figure 1 shows the incidence rates in each of nine strata defined by type 2 diabetes GRS and physical activity tertile. The incidence among physically active individuals was lower than the incidence among physically inactive individuals across all three strata of type 2 diabetes GRS. However, the decrease in incidence among active vs inactive individuals was steepest among the low GRS individuals.
We found a significant interaction of the type 2 diabetes GRS with physical activity on type 2 diabetes incidence (HR interaction =1.27, 95% CI 1.04, 1.54; p=0.016). As shown in Fig. 2 , we found that the association of physical activity with type 2 diabetes incidence was strongest in the low GRS group (HR main =0.82, 95% CI 0.67, 1.00; p=0.053) and weakest in the high GRS group (HR main =1.04, 95% CI 0.91, 1.19; p=0.56). Conversely, the association of the type 2 diabetes GRS with type 2 diabetes incidence was strongest among the individuals with the highest level of physical activity (ESM Table 5 ). We found a significant interaction of the type 2 diabetes GRS with physical activity (HR interaction = 1.59, 95% CI 1.17, 2.15; p=0.0025) in women, but not in men (HR interaction =1.10, 95% CI 0.85, 1.43; p=0.46 [ESM Table 6]). As in the entire sample, the putative protective effect of physical activity on type 2 diabetes in women was stronger among those with a low type 2 diabetes GRS compared with those with a higher type 2 diabetes GRS (ESM Table 7 ).
We found a nominally significant interaction of the IR GRS and physical activity (HR interaction =1.07, 95% CI 1.00, 1.15; p=0.046), but no evidence of an interaction of the beta cell Fig. 2 , for both the IR and the FI interactions we observed the same trend as that observed for the type 2 diabetes GRS in that the association of physical activity with type 2 diabetes incidence was strongest in the people with low genetic risk. As with the type 2 diabetes GRS, we also observed that the association of these GRS with type 2 diabetes incidence was strongest among individuals with the highest level of physical activity (ESM Table 5 ). The interactions are not statistically significant in women or men for both the IR GRS (HR interaction =1.11, 95% CI 0. Table 6 ]). We found that no single FI SNP*physical activity interaction reached statistical significance (ESM Table 3 ). Finally, we found a similar, albeit weaker, pattern of interaction of the GRSs with physical activity on type 2 diabetes incidence among those with NFG or IFG at baseline (ESM Table 8 ), and on IFG incidence among those with NFG at baseline (ESM Table 9 ).
Discussion
In the ARIC prospective cohort study we have shown a statistically significant interaction of baseline physical activity and type 2 diabetes genetic risk on type 2 diabetes incidence. Specifically, we observed that the association between physical activity and type 2 diabetes incidence is weaker in those with higher type 2 diabetes genetic risk (HR main =1.04; p=0.56) than those with lower type 2 diabetes genetic risk (HR main =0.82; p=0.053). Reciprocally, the association of the type 2 diabetes GRS with type 2 diabetes incidence is strongest among those with a high level of physical activity. Furthermore, our results suggest that this interaction is principally driven through genetic risk to IR and is most pronounced in women.
The strengths of our study include the use of a prospective cohort design, which reduces the potential for reverse causation between physical activity and type 2 diabetes; the use of a relatively large panel of 65 SNPs to define genetic risk; and the genetic dissection of the pathophysiological process that may be implicated in this effect modification. In addition, we have controlled for several potential important confounders such as diet, smoking and BMI. The adjustment for BMI, in particular, suggests that the associations and interactions of physical activity and genetic risk on type 2 diabetes incidence are independent of obesity. The weaknesses of our study include the use of a subjective measure of physical activity based on questionnaire responses, and the fact that the GRS explains only a fraction of the expected heritability, hence the likely low statistical power to detect interactions with individual SNPs. Our finding of stronger interactions in women is likely not explained by statistical power differences since the sample sizes of men and women were roughly equal, and the number of incident cases was higher among men.
Although physical activity generally protects against type 2 diabetes, our findings suggest that the level of protection conferred by physical activity is lower in individuals (especially women) with a higher genetic risk for type 2 diabetes or IR. Previous studies have pointed to the effect of exercise on decreasing IR (e.g. [8] ), indicating that the protective effect of Fig. 1 Incidence rates of type 2 diabetes per 10,000 person-years across strata of type 2 diabetes (T2D) GRS and physical activity tertile. Light grey bar, low levels of physical activity; medium grey bar, intermediate levels of physical activity; black bar, high levels of physical activity Fig. 2 HRs and 95% CIs for type 2 diabetes per 1 unit increase in physical activity in three strata of type 2 diabetes (T2D), beta cell (BC), IR, FG and FI GRS. Physical activity is measured as an index between 1 and 5. Light grey lines, low GRS; medium grey lines, intermediate GRS; black lines, high GRS physical activity on type 2 diabetes risk occurs principally through the mechanism of greater insulin sensitivity.
Our finding that the association of genetic risk with type 2 diabetes is strongest in those who are most physically active contrasts with the fairly well established interaction of physical activity and genetic risk for obesity, whereby the association of FTO or a BMI GRS with BMI is weakest in individuals who are physically active [17] [18] [19] . However, our results are similar to those recently obtained by Langenberg and colleagues [20] in which the putative effect of type 2 diabetes genetic risk was found to be strongest among younger, leaner and more physically active individuals (although the latter interaction with physical activity was not statistically significant in that study).
In conclusion, we have found an interaction of genetic risk with physical activity on incident type 2 diabetes that appears to be driven principally through genetic risk to IR. In future studies, it will be important to use less subjective measures of physical activity, to replicate this finding in another large prospective cohort study, to better understand the sex difference observed, and to generalise this finding to other age and ethnic/racial groups.
